The protonophore-mediated collapse of the large ApH that acidophiles maintain across their cytoplasmic membranes was augmented by the presence of Cl-, and Cl-influx into the cells occurred evidently in response to the protonophore-induced increase in the inside-positive membrane potential (+A*). In respiring cells, the addition of Cl-but not s042-salts caused a rapid and precipitous decrease in the +A4. A Nernstian relationship between the imposed transmembrane K+ gradient and the valinomycin-induced K+ diffusion potentials was observed when everted membrane vesicles were loaded with K2SO4 or KH2PO4 but not when loaded with KCI or KNO3. Thus, electrogenic Cl-transport occurred in Bacillus coagulans. In addition, a nonelectrogenic temperature-sensitive Cl-transport mechanism, with the net Cl-efflux coefficient (Pc.-) ranging from 1.5 x 10-4 to 6.1 x 10-6 cm/s, accounted for the massive Cl-efflux from Cl--loaded cells. Thus,
Mitchell's concept of energy transduction by proticity (19) has evolved to recognize the integral role of other ion transport processes, such as those for K+ and Na+, in the formation and utilization of ion gradients for energetic processes. In neutrophilic and alkalophilic bacteria, which generate a negative inside membrane potential (A\,), such cations would tend to accumulate in the cytoplasm, and specific mechanisms have been evolved for regulating their levels in the cells (21) . At their optimal external pH, acidophilic bacteria usually possess a membrane potential (Aij) of opposite orientation (i.e., positive inside [12, 15; A. Matin, FEMS Microbiol. Rev., in press]). Efflux systems would therefore be predicted to be necessary to prevent the accumulation of anions in these bacteria. Chloride has previously been utilized as a permeant counterion to provide compensatory conductance to H+ in H+:ATP stoichiometry measurements in Escherichia coli (14) . The Measurement of bioenergetic parameters. ApH and A/P were determined by isotopic distribution of a weak acid and a lipophilic anion, respectively (7, 17, 22 [3H]inulin was routinely added prior to measurement, and incubations were done for a maximum of 25 to 30 min; we have previously shown (17) that under these conditions inulin is a reliable marker for determining extracellular water. When required, Na36Cl was also added at concentrations specified for individual experiments. At 5 min after the addition of the probes, two 500-pI samples were transferred to Eppendorf centrifuge tubes (1.6-ml capacity) and centrifuged at 12,000 x g for 20 s. A 100-pul sample of each supernatant was transferred to scintillation vials containing 3 ml of Hydrofluor scintillation cocktail (National Diagnostic) and 0.5 mg of nonradioactive cells to equalize the cell-caused quenching of the pellet and the supernatant samples. The remaining supernatants were carefully aspirated, and each pellet was suspended in 300 RI of P-alanine sulfate buffer and transferred to counting vials containing 3 ml of scintillation cocktail. Counting was done for 10 min, using a triple-label program on an LS9000 scintillation counter (Beckman Instruments, Inc., Fullerton, Calif.). The internal pH was calculated from the Nernst equation. The cellular water volume of B. coagulans was estimated as described previously (24) and was 1.48 pul/mg of cell protein (17) . Cell protein was determined by the method of Lowry et al. (13) .
Loading of cells with 36C-and measurement of Cl-efflux.
Cultures (100 ml) were harvested at an A660 of 0.60 to 0.75, washed once with 200 ml of standard buffer-20 mM KCl (or NaCl), and then suspended at ca. 0.2 mg of protein per ml in 100 ml of solution of the same composition and incubated for 2 h at 42°C to deplete them of energy reserves; such cells exhibited little respiration and a high +A4v (even when aerated in dilute suspensions), which are both indicative of deenergization. They were harvested by centrifugation and suspended in 1.5 ml of standard buffer (15 mg of protein per ml) to which 20 mM K36CI (34 mCi/mol) was added. After 1-h incubation, [3H]inulin (4 mM; 37.7 Ci/mol) was added, and after a further 5-min incubation, duplicate 100-pl samples were taken to determine the concentration of accumulated 36CI-. The samples were then spun through bromododecane (which rapidly separated the cells from the supernatant), and the cell and supernatant fractions were counted for radioactivity as described above. To determine the rate of 36CF-efflux, 12 ml of standard buffer (preequilibrated to the incubation temperature) was added to the cell suspension, resulting in a ninefold dilution of the cell suspension. Samples (500 pd) were taken at 15-s intervals, and the internal 36CF-concentration was determined as described above. The A660 of this suspension (as measured for diluted samples) remained unchanged during the course of the experiment, indicating a lack of any significant evaporation in the course of the experiment, which was carried out at 42°C; thus, the density readings could reliably be used in determining the intracellular Cl-concentration. Efflux rates were measured under different conditions, as specified in the text. The net chloride flux (J) was calculated from the following equation ( The vesicles were suspended in the corresponding salt-buffer solution to a concentration of 10 to 15 mg of protein per ml. Samples (0.1 to 0.5 ml) were stored in liquid nitrogen until use. The vesicles were sectioned and electron micrographs were prepared as described previously (10) . Some 80% of the vesicles possessed a diameter of ca.
p.m (electron micrograph not shown). The French press
method is believed to generate everted membrane vesicles.
To verify this, we determined the percentage of the total NADH oxidase activity of the preparation (as measured by assaying toluene-treated vesicles) which was accessible in the native preparation and found it to be 90%. Fluorescence measurements. Membrane potentials (negative inside) were measured by using the positively charged cyanine dye DiSC3(5) and a 650-1OS spectrofluorometer (The Perkin-Elmer Corp., Norwalk, Conn.). A 2.5-ml volume of 0.1 M f-alanine buffer (pH 5)-2 mM MgSO4 containing a combination of K+ and Na+ salts of the same anions as in the vesicles (SO42 , P043 , Cl, or NO3-) was added to a water-jacketed cuvette at 42°C. The proportion of potassium to sodium salt of a given anion was varied to produce a series of K+ concentration gradients across the vesicle membrane; the K+ gradients were converted to mV values by using the Nernst equation. A 10-,ul volume of the vesicle suspension (0.10 to 0.15 mg of total protein) was subsequently added to the cuvette, followed by the addition of the cyanine dye to a final concentration of 5 x 10-7 M. After the fluorescence stabilized, valinomycin was added to a final concentration of 8 x 10'6 M. The resulting quenching of the dye was measured and expressed as a percentage of the initial fluorescence. The percent quenching of the dye was related to mV values by [14C]tetraphenylphosphonium uptake measurements, using the flow-dialysis technique (7).
Chemicals. Radioactively labeled salicylic acid was purchased from ICN Radiochemicals, Irvine, Calif.; all other radiolabeled compounds were purchased from Amersham Corp., Arlington Heights, Ill. Valinomycin, sodium azide, carbonyl cyanide m-chlorophenylhydrazone (CCCP), N,N'-dicyclohexylcarbodiimide (DCCD), furosemide, N-ethylmaleimide, and 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) were purchased from Sigma Chemical Co., St. Louis, Mo. 
RESULTS
Protonophore-mediated collapse of ApH and chloride accumulation. Protonophores collapse the ApH in obligate acidophiles only partially (6, 7, 9, 17; Matin, in press). Uncompensated rapid proton entry, a very small fraction of the total proton influx, increases the Ai\, which eventually limits further proton influx (7, 17, 28; Matin, in press ). KCI (100 mM) or NaCl augmented the ApH-collapsing ability of the protonophore CCCP. Thus, the addition of CCCP in the presence of Cl-lowered the ApH by 1.1 within 1 min but only by 0.7 pH units in its absence (D. McLaggan and A. Matin, p. 412-425, in S. C. Goheen (ed.), Membrane Protein Symposium, Bio-Rad Laboratories, 1986; data not shown).
We reasoned that this augmenting effect resulted from chloride providing a rapid compensatory conductance to proton entry and therefore examined Cl-uptake by the cells under these conditions. Within 15 s of the addition of CCCP, the A4 increased by some +40 mV, and the internal chloride concentration increased by ca. 10 mM (Fig. 1) The addition of NaCl or KCl to the cell suspension caused a transient, precipitous decrease in the A+,, whereas the addition of Na2SO4 had only a small effect (Fig. 2) . The membrane potential then partially recovered to a new steadystate value which was ca. 30% below the value prior to the addition of chloride.
Effect of chloride on potassium diffusion potential in membrane vesicles. Everted membrane vesicles of B. coagulans, containing 0.5 M K2SO4, were prepared as described in Materials and Methods and were suspended in different concentrations of K2SO4 in an iso-osmolar environment (counterosmolyte Na2SO4), in order to impose potassium concentration gradients of different magnitudes. The Al generated by valinomycin treatment of these vesicles was measured by fluorescence quenching of the dye DiSC3 (5 the dye and related to the mV values as described in Materials and Methods (Fig. 3 ). Measurements were carried out over a 10-to 1,000-fold range of potassium concentration gradients in which the amount of quenching of the dye was large and quantifiable. The curves relating A*i generation with the K+ gradient fell very close to a Nernstian relationship with K2SO4-and KH2PO4-loaded vesicles (Fig. 3) Methods). At 42°C, rapid 36CL-efflux occurred (Fig. 4) . Within 5 s (the earliest sample analyzed), the internal chloride concentration decreased from 112 to 76 mM in the experiment of Fig. 4 and by an average of 20 to 50% in different experiments. This rate corresponded to a net chloride permeability coefficient (Pcl-) of at least 1.5 x 10-4 cm/s. In the following ca. 6 min, Cl-efflux was exponential and a Pcl-of 1.8 x 10-5 was calculated from the slope of the line (Fig. 4) . In 12 separate experiments, a mean Pcl-of 2.0 X 10-5 ± 0.2 (standard error) was found during this period. A slower rate of efflux, corresponding to a Pcl-of 6.0 x 10-6, was subsequently established, followed by cessation of the efflux. After 15 min the cells retained ca. 15 mM chloride; the [CL-]0 at this time was 3.2 mM. The initial burst of chloride efflux was accompanied by a slight increase in A, from +73 to +80 mV; the subsequent efflux had little effect on A4i. These measurements show that chloride efflux continued up to a A1iCl-value of -31 mV (Fig. 4) , i.e., generating a net force impelling Cl-into the cells. Thus, although the Cl-influx failed to proceed to its electrochemical equilibrium (see above), its efflux proceeded beyond such equilibrium. We do not know the reason for this phenomenon. Effect of chloride on growth and on A5iCl-of energized cells. Given the high permeability of B. coagulans to chloride and the capacity of Cl-uptake to collapse the ApH, it was of interest to determine the effect of chloride on the growth of this organism. In the medium used, B. coagulans had a generation time of 2 h up to an A660 of ca. 0.9, and filament and spore formation could be observed in this stage (4; data not shown.) The addition of up to 50 mM NaCl, KCl, or Na2SO4 had no effect on this growth pattern. Only at 300 mM did NaCI become inhibitory. Since Na2SO4 at a corresponding osmolarity had no effect on growth, the NaCI effect was probably due to Cl-permeability rather than to osmotic stress. In contrast, the permeant lipophilic anion SCN-(supplied as KSCN) reduced the growth rate as well as yield by ca. half at 1 mM concentration and was completely inhibitory at 10 mM.
Actively respiring B. coagulans cells maintained cytoplasmic chloride at a concentration which was lower than the external concentration. In contrast, chloride accumulated in nonrespiring cells. 
DISCUSSION
We have shown in this report that B. coagulans possesses a large capacity for transporting chloride. This capacity includes an electrogenic component. Thus, the protonophore-induced increase in the inside-positive Ax4 appeared to cause an electrophoretic influx of chloride into the cells (Fig.  1) ; the addition of Cl-, but not of S0427, caused a rapid collapse of the A1 (Fig. 2) ; Cl-accumulated several fold in nonmetabolizing cells; and the Cl--loaded vesicles, in contrast to the SO42-_ or Po33--loaded vesicles, exhibited a non-Nernstian K' diffusion potential when treated with valinomycin ( Fig. 3) . In addition, an electrically silent component of chloride transport was also evident, which was responsible for the exit of massive amounts of chloride from whole cells without altering the Aqi (Fig. 4) . The latter efflux system exhibited a number of rate constants (Fig. 4) and was temperature sensitive. B. coagulans appeared to possess a high permeability also to NO37, and it would be of interest to determine whether it is permeable to small monovalent anions in general.
Several studies have shown that lipid bilayers can be quite permeable to chloride (8, 25) . Mechanisms such as the flip-flop of phosphatidycholine acting as a chloride carrier (11) or, more specifically, a phospholipid-HCl complex (8, 25) , and formation of molecular HCl within the bilayer due to its low dielectric constant (8) (25) . Furthermore, the pK of molecular HCl is too low to account for the passage of molecular HCl through the cell membrane under our conditions. The Cl-movement that we observed in B. coagulans occurred against a chemical H' gradient, from a relatively alkaline (pH ca. 5.0) to a relatively acidic (pH 3.0) compartment, whereas molecular HCl movement has been shown to occur from a highly acidic compartment to one of low H' activity (8).
Thus, paradoxical though it is, it appears that passive Clfluxes in B. coagulans are brought about by some specific mechanism, such as a channel, pore, or carrier. Although passive Cl-transport mechanisms are known in other biological systems (erythrocytes [20] , respiratory epithelium [27] , gastric mucosa [2] , etc.), they have not been reported in bacteria. Instead, it appears to have been assumed that the high Cl-permeability exhibited by E. coli results from an intrinsic property of its cytoplasmic membrane lipid bilayer (14, 23) .
B. coagulans, under metabolically active conditions, could clearly exclude Cl-and keep it out of its electrochemical equilibrium by some 60 mV. Our data, however, permit no conclusions as to whether this is because active cells of this bacterium can close the Cl-channel or whether they possess some form of a chloride pump. If the latter is true, an attractive possibility is H+-Cl-cotransport driven by ATP, respiration, or both, since it would also facilitate H' extrusion by making the ionic movement electroneutral.
Although the elucidation of the mechanism of Cl-transport in B. coagulans would require much further work, the data presented in this report highlight the intriguing question of the role of anionic circulation in the acidophilic mode of existence. We consider it too premature to speculate on this point.
